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349- - &.,e  .- ~ a i e l  is derived to descr ibe the  O X ~ C ~  ; ? a r t i c l e  s i z e  d i s t r i b u t i o n  obtained 

cy i : r,d - : . .  fro-, Ir.:er;.c & 2LZz:r'- b ,  ,,tally perforii ted,  a luc ln i zed ,  s o l i d  propel lan t  g ra ins .  

3 - - - :  .uA.-cAe - 
EO ::-.z 2; ; :  s,rfzce fG:ic'-' - t l  5y a h ~ t e i o & e ~ e o u s  reaction t o  fora cordensed oxide,  t he  

evsr;,, 22-7 . ;  ?rc?or:Lor.al to a coacsi i t ra t ion c r i v i a g  force  and the 7artic:e a r e a .  

Ane 7~r::c;e n~:1zz:lon race is a s s ~ ~ e d  cons taa t .  ~ x c e l f e r i t  agreeaent  is obcsined 

;:c-:~T. 2 s  iissxzzd :o G C C L Z  Sy d i f f u s i o n  of p s e o u s  a l m i n u , :  and a lur , inu= Oxide6 

_ -  - - _ _  
-. 

. .  S e  r".e e >; - 2 - ,- c - - .. p A  - - - c A c I s  - size clstributiozs ar.d the  d i s t r i b u r i o c s  2redic:ed by t h e  

of z t s  r,.;clc;:io;. ra:e. 

ZreGuszcy I f (v; , for the d i s t r i b u t i o n  is given Cy: 

~n :err5 of ;'ne nuzber average particle volurx?, Vn, the  ?Grra;ized 

aid rkac :.-.e T.Lilsl i t ion zechanism is  riot hoLo&eneous f o r  aluminized p rope l l an t s .  

I. ISTi iOXCTIOX 

..-zy ii.i=r&.;,ced s o l i d  p rope l l an t  fo r ru l a t ions  con ta in  =:ais which y i e l d  condensed 

ox ide  i 3 i i r Z i i l i 6  2s ?relucts of corhus t ion .  Although the t h e o r e t i c a l  perforrance of these 

pro?e:l&z:s I s  ;e;.eraily s u p e r i o r  t o  t h a t  of non-cmtalized formulat ions,  the specific 

i q u i s e  e f f l c t e x y  of r a t h l i z e d  f o r n u l a t i o m  may be s e r i o u s l y  reduced by the  presence 

of t hese  cor.der.sed products i n  t h e  exhaust. This  reduction i n  s p e c i f i c  impulse efficiency 

i' - 
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c -.I? s i e c l f i c  ?h;sLcii: g z o z t r y  for which t h e  codel  is derived 

~ G c X ~ :  c:.;::Ssr c o ~ ~ . i s : i n g  cf a c y l i n d r i c a l l y  ?erforsced,  a l u z i n i z e d ,  so 

is t h a t  of a 

id pro?e 1 :ant 

. _  
C S S " -  --2d ;G 2revz:- ~ Z G Z  :he h s z d  end of the charober (x = 0) t o  t h e  nozzie  en t rance  (x = L). 

Szez.lj' b z i : e  I s  also i i s s c e t  to ?revai l  and t h e  pressure and t e q e r a t u r e  are a s s a d  

ccr.s:xi~ :';.~~iig'r.~ii; t he  = a b  gas stream. 
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~;;e t o  the increase  i n  burning su r face  area with increas ing  x, the gas ve loc i ty  

'3;5; zzy s ?:xe z x s :  i i x r e a s e  wi th  increas ing  x. 

&z:.i~g r;:e Ic25 zo: v;ry wi:h x (no e r ros ive  burning),  that the  d e c r e a e  i n  the Eolec 

i ;  3 5  : zc z  ccntszsa:ion of ;he oxize is srsl: conpared t o  tne tota:  =ole6 of gas, rnd 

It is assuord t h a t  the  propel lant  

-_-.. e&, c.-.;,ssr . . iL~z.2ter does c o t  c;zange s i g n i f i c a n t l y  wi th  ti=. Thcs, tke ve loc i ty  

- .  
3; :ZZ CX';LS:;GA 7ro;li;c:s is d i r e c t l y  ? ropor t iona l  to x and given by Esuation (1): 

W ~ G C L : ~  of c o z h s t l o n  products (cdsec)  

- -  ...u:cs c i  ~ L S  L;.zrodticeC ir.:o the chnzber upon b u r n k g  1 of pro?e l l sn t ,  

;ss.,cir,- c -  L : . L . . . . ~ ~ y ~ a ~ ~ ~  >.-- . e5t i i ; iSr iuE i n  the c i i a d e r  (bm-x301es/gzi propel lan t )  

s c i : : ~  ;rc?e;;an: dens i ty  (p/ca3) 

:;;-.~;r hrii<~.; r a t e  of pro?el:ant ( c d s e c )  

c . - .z i~er  GY d i a r d t e r  (ca) 

c;?tr,jer o r  p r r  c ros s  s e c t i o n a l  area (cm 2 ) 

..^. L...;vcrsiil gas cons tan t  = 82.057 cc-atdOK , gm-mole 

c h  ;L*X r t e ;;?e ra t u r e  ( O  K) 

c:.Gz5er 7ressure  (atm) 

7 -  ;5 ' 

t: ihe coista;.: z ~ t e  of ;1 

~;i;z;52r of pirricies  passing any given x plane, n 

, i s s ~ z C  ::A: Trefor-3d nuc le i  a r e  introduced i n t o  the = i n  gas stream 

n u c l e i  per sec  p e r  cia of chan3er length .  Therefore,  t he  t o t a l  
0 

is given by: 
t' 

(2) n = n x  t 0 

3 -'c &..e I s I z la :  v o l . 2  of SI .ruc?eus is assumed t o  be cons tan t  and is designated by v (CP ). 
0 

-:-- - - z - . a A - y ,  so=? assGz.?tion m s t  be s a d e  concerning t h e  rate of growth of a n  oxide 

. -  ----- p L , - c l e .  

given 5;. :..L Six+;e cass t r a n s f e r  law: 

7k.e ~ , ; ~ . p t : o n  Lade here  is t h a t  the  rate of growth of a p a r t i c l e ,  dv/d9, is 

Y 2 -  
de P 

(3) 

3 



c = c o " - " " ' - - ' -  ..Lc..c.eL;oa of the  oxide i n  the gas phaee (mOles/cc) 

'e - coxcnrraiion 05 t h e  oxide i n  the gas phase a t  the  cbamber - e < . b ; A ; J - - .  - . .. 

I 
I 
I 

:cz;cz~:sre ;nt 2ressure  (moles/cc) 
I 
i u = ci;rf;ce ;rea of a sizzle p a r t i c l e  assuiaing t h a t  tne pir t ic :es  are s p h e r i c a l  

2 
(c= 1 

3 
v = v o l x d  of a s i n g l e  p a r t i c l e  (cui ) 

?: = ' - ,a :ec~kz  r;si;h: of the oxide (gdgm-mole) 

2 = 
3 

;cr,s;cy ;f t h e  oxlde In  :he condensed s ta te  (pdcrn ) 

. .  c ;f t': ..& - - - - .  I . . A L L ~ I e  si;rfiice, (Y, acd a concentrat ion of C on the  buik stream s i d e  of t he  

+:.e case c;f an aluninized p rope l l an t ,  the  oxide,  A 1 2 0 3 ,  does n o t  ***A. :.32zv2:* :ir * -  
;: 7 -  .- 

exLs: :a gas 2;;;se. Azy a l u a i n w  i n  the gas phase e x i s t s  as Al, A l O ,  A 1  0 and A 1  C 

a s  xe:l z5 L& G ~ L Z ~ Z L ~  oxil~cLon products of o the r  ox id iz ing  e l e m n t s ,  such as C1, which 

2 2 2  
. .  

-- -y be ?r2ser;: 2:. :>.e ?zo?e l lan t .  Thus, i n  t he  present  case,  the  growth law of equation 

(3) a s :  be Lr . :eqze:sd as r ep resen t ing  the rate of w s s  t r a c s f e r  of any or all of t h e  

Io;-er G X ~ C ~ S  CG ;cs p;r:ic:e su r face  followed by a heterogeneous chemical r e a c t i o n  a t  t h e  

s ~ r f a c e  :o 2rolii te l i q c l d  A l  0 The p o s s i b i l i t y  of part ic le  growth by heterogeneous 2 3' 
c:.z=ical re~c~ic:. is l o c m n t e d  i n  t h e  review papers of Xarkstein* and Chris tensen,  

Lylpe, ac l  Gordon*, 

** C';=is :e- -<.A, c .  - --  r.. C. ,  2. E .  :<nip ,  and Alvin S. Gordon, Survey of Aluminum P a r t i c l e  

Cc~.~cs : l cz ,  ?res*?.ied a t  the x e e t i n g  of the  Western S t a t e s  Sec t ion  of the  Combustion 

I;rs:iiu:e, t ' n i v e r s l q  of Ztah, salt  Lake City, 26 and 27 October 1964. 1- 
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,-2 - &  the  above i n t e r p r e t a t i o n  of the p a r t i c l e  growth l a w ,  c and c becom I' e 

;;2~;:i~~~ - .- ~ ~ z r i : ~ c i e s .  T h e i r  c c q m t a t i o a  w i l l  be discussed la ter  i a  connection wi th  

LY.- . ; IY.~~~; .  ^ - _ _  - - -  of che -,del t o  e x p e r i z n t a l  d a t a .  Furthernore,  the above ri iscussion c & I &  -, ,b 
. .  . .  - - - .__ _.._+,. - - - - - -  aLI..~;;;z,  c ~ a d  C will ~: i l l  be r e f e r r e d  t o  f o r  conveniesce as concentrat ions e 

. .  
;Z;C :;.is e:esz;., zhz a i ;  gas streaz is c k ~  noleslsecond.   he ouiflow of gaseous 'P . . .  2 cx;ce :o * - 3  L..f _ -  ..d -.. . . LGS s ~ r e a z  is CAG + - ((XU) dx moles/sec.  D e f b e  C .  (L;oles/cc) as t he  

GX 1 
. . .  * - -  - _  _ -  
-..---a& i ; ~ . c e ~ . : r ~ : i o ~  ( b e f o r e  iiny conZszsatlon) of the  oxide i n  the  gas s t r e a a  leav ing  

c- 1 z- - . .  ..- ..acsAc ~ 4 s e ~ c s  oxide iz:o the d i f f e r e n t i a l  elexent f r a  t h e  propel lan t  s u r f a c e  is 

RT 
P P  

C i S X d p  r - dx 

\. ..Gw, t e f i c e  a as the t c t L 1  s z r f ace  area of all p a r t i c l e s  passing position x 
t 

22r  S C C O : ~ .  

x is ;-/A:, xid :he toca: su r f ace  &rea of a l l  p a r t i c l e s  i n  the  d i f f e r e n t i a l  eleGient is 

:?.cr., :he t o t a l  ?article sur face  area per  cc of chzr,ber volune at p o s i t i o n  

L 

.&-&./-,* - * - -  -..e:. :::sr, - eqi ; t t ion (3 ) ,  t he  tota:  no les  of oxide that conderises i n  tne  d i f f e r e n t i a l  
L 

5 



~ ~ 

s a w ,  r e f e r r i n g  t o  the  gaseous oxide, t h e  6ua of the  flows i n t o  the  d i f f e r e n t i a l  - .  
1 

:zc~i :he =in gas strean and fron the gas fi'm ad jacen t  t o  the  p rope l l an t  surface b;;.... -. -..- c& f l o w  OU; fro-, :he e l e w n t  t o  the  -in gas strean must eCua l  the  amount that 

I 
c 
1 
I 
I 
I 

C: -c 
* c =  - 

ci-ce 

r',,, r..L.., L;.-..o;;.;; - .  - - - -  
- -  &;.a ~ s a  cif eGLii:ion (7) y ie lds :  

:>.e cc;,z;.2cct v a r i a b l e  in equation (5) frm C t o  Q and rear ranging  wi th  

Fat (a -  1) 
= o  d 

dX - w + 

= J C N P  * rRT j 2  
P 

- ;qi~z;sc (a) Ls :?.e ;iq:es: form of the  d i f f e r e n t i a l  ec,uation desc r ib ing  the  nass 

h k ~ . c e  f c r  :;-.e ~ , G s ~ ~ G ' ; s  oxide taken around s d i f f e r e n t i a l  element of t he  chamber. It 

Z G W  ZCZL::.S :o forr:dla:e a as zi func t ion  of x and Q and then  to f ind  a s o l u t i o n  t o  
t 

ecpi:LEiz (3;. 

c~lc\; ;-Sle l n  t e r x  G: t he  pramters of the d e l .  

:e ---: is acconpl ished,  p a r t i c l e  size d i s t r i b u t i o n s  will be readily 

i 

(9) 

6 



z -- - - ,;s ~ r z e z z  ar x = xi, and let u equal the surfsce area (ca ) of t h i s  part ic le .  i 

iocs ;>;t V, azd  Q a r e  functions of botn x azd x, and are respectively equal t o  v b -  Ir i 1 0 

G2i r =  a x . S:xe t h z  ?articles  are as6uiaed t o  be 6pherec: 
0 i I - (Y; ,312 

I 

P Y W e )  cr p A P  
Iv  = dx 

PS? rGdRTx i 
P 

- .  . . .  
A 4  2v, I s  ~!,;T,;:.L;sc ;c:i;eez e ~ m t l o n s  (I:) and (13), the result ing esuation can be 

Lz:z;z.i:ed 3e:xeez f-.z I i c i r 6  (a 
* 

4 - =  

x . )  and (ai, x) t o  yield:  
0' 2 

1 
I 

r l2 c ,x y(C-C,)KdP 

1 a .  = I /  I dx + Jao 
P 

1 ' 'X 2pX9 xRT% & i  

- 2 - -  - - zA.&--y, I ~ . : z c t i i c i z ~  c'ne accor?l ibkant factor 9 yield6 the desired expression for a D i' 

i cu 

L 1' 

7 



r ~~D~ !b.t-.1/- g - r i  -- 2.0~: esu;tlon (2), the  nuc;bet of p a r t i c l e s  i n i t i a t e d  p e t  second Over the  x 

ir.:s=va: dx; is  n dx Therefore,  t h e  p a r t i c l e  a r ea  passing pos i t i on  x p e r  second of 

a::. ?;::;~,e; . -  ;n;riated . .  over the  x i n t e r v a l  dx. is n (Y dx 

L o i' 

8 ' *  

Then the t o t a l  su r f ace  o i i' i 

I 
i 
8 
I 

' I  
I 
R 

u; ?;r:lslec; ?;ssir,g position x ?e r  second (a ) is the s m t i o n  of n a dx ;--- - -  - - *  

t o i  i 
:bA a:; x - ' s  Less than x, i.e., 

.L 

Zs.Lc-lcn (:;; ... - -  - _  -:.e forsu:a:ion of Q given by eGuation (15) is the  des i r ed  i 

I 
I 
I 
a 
I 
I 

s;lr*cs by c=--:-: LI.AL;ion, G is  bomled  betveen 0 a3d  1, as x ge t s  very l a rge ,  G/x approaches 

c ,  ar.2 -L.- ... " s ,  fro, e ~ , u i i t i ~ ; l  (la), &/dx is e i t h e r  0 o r  p o s i t i v e  s i n c e  F, a (I-G), and x t D  
-. c r s  a,, p o s i t i v e  i~sr.; i : ies .  

f o r  :l.:r. : -.-~L.L _ .  Lr.cre~5e without bound. Thus ,  a physically m a n l n g f u l  s o l u t i o n  of 

2z..;":;c3 i;; - . - -  :-2-- 

Eowever, 8s x g e t s  very la rge ,  d P I d x  cannot r e m i n  pos i t i ve ,  

yyudc A..b,cate :hat & / d x  G??rozctes z e r o  as x approaches i n f i n i t y .  This  

zzc; s.LL"Lz-s - - -  ,;.,, c i = corrstazt r s y  be a so lu t ion  to  the problem, and t h i s  hypothesis 

is =os: e;;:ly reszed by d i r e c t  s u b s t i t u t i o n .  - 
If e w a t i o n  16 is  solved for a assuming 0 l e  conatant, the result io: 

Q t 
(19) a - - x  

t P(1-0) b t 

8 



s:av Z -  :G be a l i z e a r  fur.c:ion of x .  Perfoming t h e  i n t e g r a t i o n  i n  equat ion (U) for 0 
L b eZL.-:s cozsz in t  , \;e o'a:aln a f t e r  squaring the  bracket:  

t 
I 

X + u  2 a; = Q (:-n)2(in > ) 2  + 2 r a  0 Q(l-G)ln y 
0 i i 

- z  _ _  -1.: &..,s e s ~ r ~ s s i o n  for a. is s u b s t i t u t e d  i n t o  equation (17) and the integration perforrd ,  

L A ?  zc&:t is: 

1 

I 
II 

3 2 - -  ;;'2 - 2Q2(1-C) +2Jao Q(1-Q) + O,(l-O) 
0 

. .  -- . ~ e  or.:>-. SG,L;;O;: :o eqi;atiori (22) with ar,y phys ica l  ceaning is  t h e  one for 

i 3e:wccr. 0 ;r.J l. 2 : s  solu:lon is unique since as C is i zcreased  from 0 t o  1 while 

&..& ? a - a . A L C A ~  & ~ e  ;?eX cons:ant, the  right-hand s i d e  of equat ion  (22) decreases  *--> - . - - ->---  

. .  
LCZO:GZ;CL,~~ ukile t t e  leZ:-kGzd s i d e  ,idcreases rronotonically.  

.L,..t-;;ii~.~ sides czz z ivs  only oze value  i n  corzioil, and t h i s  value w i l l  correspond t o  

t \;;..iq.;e v;l;e of G. 

Thus, t he  l e f t  and I -- . . . .  n -  

t 
l 72 

A l s o ,  i t  ciin be shown that a value  of Q between 0 and 1 wnich i6 

a sol..-: U L A V . r  - 9  of  e q ~ ~ i o r i  (22) will aiways e x i s t  for any f i n i t e  va lues  of the  parameters 

Q, ;r.C CY . AS i is Lrxreased froa 0 t o  1, the  lef t -hand s i d e  of equat ion  (22) 
3' 0 

-.  i x r e a s z s  f:;z zcza :o B ;x i ice  :hit while t he  righc->.and s i d e  decreases  f ron  a f i n i t e  

.2-2 - ;a z e z o .  s i x 2  50th the  lef: ar.d right-har.d s i d e s  of esua t ion  ( 2 2 )  are cor;tinuoue 

f~nc: iczs  of i , tkeze w i l l  i i lvays be  some value of P between 0 and 1 f o r  which the  l e f t -  

f . i ~ ~ d  side eqr;z:s the  rtght-hand a ide .  



s 
.-a - -  . _  * .  . k$NKi 

~ ; ~ c ~  di: feient ia l  rdss balance,  equat ion  ( 8 ) ,  toge ther  wi th  its boundary 8 . I  

c o n c ; z i ~ n  . .  

K2 c;;i Y S S - X . ~  :;;;: there  i s  only one p h y s i c s ~ ? y  z a n i n g f u l  solution t o  equat ion ( 8 ) .  

cor.:~i;.~d i n  equat ion (17)' cospie te ly  s p e c i f i e s  a unique physical  problem, 

b -  

CLZ >e c~;c:i~:et. :?.e ixL5er average 7ar:ic:e voluiie is  def ined a s  the  t o t a l  pa r t i c i e  1 

~ . - . z z e  v-. (x-. ,L) is Eke voluze at x = L of a 2ar:icle i n i t i a t e d  a t  x = xi. The t o t a l  
4 6  

a .  
1 
I 
I 

- -.-a ~f p z r c l c l ~ s  leaviriz the chan5er per second is noL, and thus the  n d e r  average 

? & Z Z i C : C  VG:LFZ, is given by: 

TL n v (x L)dxi . o i  i' 
0 - 

vn - 

arc= ~ ~ - L L : ~ G Z S  (13; &a2 (15), v. (x L) is coizputed t o  be: 
i i' 

1 3  

v. (x .L) = F+ L Jaq 
i ~i P I 

10 



I 
t 

2 
En, * vi 

v =  
V 

Znivi 

Ccz.h:z:r.g L < ~ i i ~ i ~ : - . ~  (21) czd (27) gives tt;s des i r ed  fo rnu la t ion  f o r  Vv: I 

C. .:e ce~.si:y - CT i reqcezcy func:ion, f (vi(xiBi)], f o r  t he  p a r t i c l e  d i s t r i -  

- .  . t..-: YYLLoz  ;; L ~ : ~ : . c c  s o  c.%c ::-.e ?ro>aSL?ity of ob ta in ing  a p a r t i c l e  between volumes v1 

ar.d v?  Ls glvec t y  &..e :z:e&iaL of fdv between the  l ir i ts  v 

-3 6 ~ + l z e s  :i-.z: L;.? ;r,zezrcl of fdv becueen tne l i m i t s  v 0 and i n f i n i t y  t o  be equal  t o  

c:r.L~y. .,i. :-~.e :?.2 

I 
. .  

1 2 '  
- -  a h  v T n i s  d e f i n i t i o n  

& 

. .  

c . A d L i = ~ G n  functiori, F (. v (x ,L>' a5 ttle t o t a l  v o l m  of 011 - -  
D i i J B  

?artLcl,; ~f vol;;rz less tkan v . (x  L) whkh p&ss t*he p o s i t i o n  x = L per  second. Then: 
1 iB 

L 

x 
PI) (Vi(Xi,L)) = f n o v p p 2 )  d"i (29) 

i 
i 

11 



, :.: '': 4'- 8 51 
1- . '.h - -  I saw, ;zo;; :;-.e bdf in i t ion  of f ,  the v o l w  of a l l  particles of volune betveen v - dv/2 

ur.l v t l v j 2  I s  givsn by n Lvf(v)dv, an2 thus, FD(vi(xi,L)) 
0 a a l s o  given by: 

I Fp(v) = J" noLvf(v)dv 

V 
0 

. .  
L-;,ZZC ;: ;s c ; - , 2 ~ . r s t o ~ l  :h: v is a fuac:lon of both xi and L. Differezt lat ing equation 

(2:; u;::. r e s i a c c  t o  v and rear:asGirg y i e l d s  the desired re lat ion between f(v) 8-  
F p  - 

f (v )  = - noLv 

Sc>s:i:Gtl:.; ecz;:Loris (53) and (34) into equzition (32) and subetituting the 

- ,es;;;:L;..z ex->-=- , . c ~ ; l o ~ .  fo r  F'(v) in:o eqiation (31) yields:  
D 

2 Ji - i 
Q(1-Q)a L / '  f(v) = 

-:---- ; - . . -Ley eLi=.-=i:izg x,/L fron e g u t i o n  (35) by mans of equation (24 )  and *king use i 
(35) 

- .  
0: :.-.e &z~=z:z~c i i ;  reLation between v and a yields the f i n a l  form of the fresuency 

faction; 
(6v) - (avo) "'I] 

e x p  [ (36) 
z1'6 f(v) = 

Q(l-0) ( 6 ~ ) ~ ' ~  Q(1-0) f i 12 
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I 
I 
I 
I 
I 
I 

. - .  . . . .  
e.. - -  - - - . - -  *..-*..&:e VO:;:-~ ::,:.c 33z:ic:es i n i t i a t e d  a t  x = L b v e  a zero residence tine and 

I 
I 
I 
I 
I 
I 

*--.. c..us P vs:;r=e eqLsl t o  v . 
0 

. .  
SC;CT.G:;.~ =;a: :';.,e o r i g i n  of the n u c l e i ,  :he ? a r t i c l e  size d i s t r i b u t i o n  can 

&:so  Sc  : ~ . - ~ ~ L ~ . ~ i z :  ~i :>e c;?arAer L i z x z e r .  :f a l l  of the  n u c i e i  a r e  formed i n  the 

c.. lo;. 'Lcr;yf-- . -..e ., ~2;acer. t  :o th;:  propel lan t  sur face ,  then, s i n c e  n is the  number 
0 

_ . .  
iif r.;c-a: ;;.:r~d~cttC Ir.:o :he c'nai5er per s e c  ?er c z  of chazher length,  n 

pzopz:Lorz: :G c. SGY, iZ e p a t i o n  (22) is z u l t i ? l i e Z  by Q, i t  can be w r i t t e n  as: 

will be 
0 

. -  

vkere: 

(37) 

i 
! 

13 



- : ' C ;; 3ssL7&7i *--- * Lie nuc:eus s i z e  I S  very sziall, t he  Eodel equation6 *.. 4. 

. - .  ccz  22 ~:c-::-j as foll~vs: 3iv:de the  r ight-%i. i  side of equat ion (37) by 

1 
r s s u l c  is :>.en equal  t o  V as given by equat ion (25). Ue t ne re fo re  have: n 

I 
. .  c----* --*.. 
U~L.. i zzi z can Se viirled izde?endently of v i f y  is  allowed t o  vary,  equat ion 

~r.z:c~:zi ;:,a: v Ls Independent oi v i f  v is smll coxqared t o  V . Under these  a 0 0 n 

0 0 

, , - \  . , . 

. .  . c c ~ c ~ ; ; c z s ,  L-.ei., :he t e r ; ~  cozta in ing  (Y i n  equat ions  (25) and (28) can be neglected t o  
0 

I 



1 '  
P 

\'V 

Q(I-L) and t h e  

f (v) becomes : 

vo << 

r e s u l t  

"v (43) 

is s u b s t i t u t e d  i n t o  e q u a t i o n  

v - 0  
0 

(44)  

a V 
v << v 

0 

(45) 

1 



- -  
is ::?? v a : ~ ~ . - t r i c  r z t e  of &;eneration per  u n i t  chader  length  of oxide t h a t  would condense 

c3"-'" ,,<L..sz:ia: ~ r o ~ r t s s e l  to equi l ibr ium. If Ce is S-11 conpared t o  C as is general ly  i' 

c:, C..L c;sc, ar.2 we t t f i n e  ;3 and n as:  

- -  - rr.o:cs of oxide ?rffii;ced L ~ G Z  Surriln; one g raa  of propel lant  

-. .. - - -..- . . & . . i c y  of  ~ ~ ~ l e i  ?iOducec! u?on b u r z i n g  ore gram of propel lan t  

- - - -  ...<.., :."." *I_- c. .yub ,xs  ,- . .--- ;L5) azd (L6) and :.;e sss~z;.3: ion t h a t  n is ?ropor t iona l  t o  d ,  
0 

v- zr.i v s r z  given by: 
4& v 

?!ii 

n Pn 
v = - c ,  

--- , . . r , 2 f ~ r e ,  - - ---?.cr. I is essen:;a;ly 0, f (v)  K i l l  be inde?endezt of n and depend only upon 
0 

y ar.2 v for f i x :  v c l l ~ e s  of  i.: Aside fro= ;he above physical  argucent ,  t h i s  conclusion 

I s  evlder,: f r o =  r x s z i r s t i o n  of e p a r i o n  (36). 

0 1. 

1 ' -  ,,..~n i I s  c l o s e  to zero t ke re  w i l l  ?iObably be s i g n i f i c a n t  condecsation i n  the  

roc-Aez - r - -  . . I L L . ; e .  ?LLS, ait:louzh the Lode1 w i l ;  apply to  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  of 

::?e ; c r z l c , z s  a s  :.-.ey lezve t:ie chaziber, i t  will no: be app l i cab le  t o  the p a r t i c l e s  

:~sv::.; ::-.? r . ~ z z l e .  ;a o r l s r  to ap?ly t h e  s o d e l  to p a r t i c l e s  leaving the nozzle ,  0 must 

'se L s s c ~ . : ~ c , l y  1.2::::. .,- b.Lcer * rhese cozdi t ions  all of the  cocdensable oxide w i l l  have 

cir. t22se2 L7.t :h* I l s - - -  b,:a~c:ori - will depend ozly u?on the  n u A e r  of nuc le i  upon which I t  

hzs coz ic r - se l .  Y x s ,  iis ind ica ted  by equations (44), ( 4 5 ) ,  and ( 4 6 ) .  t h e  particle s h e  
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111. CCX?ABISGS OF T i Z  XCDEL TO EXPERIXENUL DAm 

. - . - .  . ”.- A ~ - . ~  ,ace4 %:&A 32 cczpared t o  p a r t i c l e  s i z e  d i s t r i b u t i o n s  obtaized i n  motor 

cc;.~uctz: 5y Se‘;.,;l-,k 2: :he Je: P r c p l s i o n  icajoracory. I n  h i s  work c y l i n d r i c a l l y  

_ = _ _  + L A  :aAU,,-i _ - - = -  a-4Ai-.s - - -  x e r z  :;rei izto a s:&.lc:ess s t e e l  c o l l e c t i n g  tank and the  ?ar t ic le  size 

- .  -. -- -. - 
r .  

. -  . .  .. . u , ~ : r ; 3 ~ : ; ~ n  of :he C G ; ~ ~ C : ~ C  a,~:r,lnuzl o x i d e  vas deterniried by ? h o t o n i c r o g a ? h i c  teckaiqueo. 

- -.,e ... ? r o ~ s ? ; z r . ~  f i r e l  5y SskGai vas C O = ? G S C ~  of  12  3s:- cent  a luninun,  1 9  per  

cez. .p::;.&=*- &:.-..= - - -  > a i n u ~ z ,  z n l  65 p r  ceric a z o n i u m  pe rch lo ra t e .  For t h i s  p rope l l an t ,  . .  

. -  . . 
C ~ L :  , ,sz;i~z ccLj~s:ion T Z G ~ S C :  c z z ~ o s i ~ i o ~ s  have been ca icu la ted  f o r  chzzber pressures  

. - - e  ,Lese calcL?atiozs the various coristazts requi red  by t h e  m d e l  _-  - - - -  ,.-- 
v- ;UC, CI..U -2“ 2.5:. F Z G Z  -I 

Tii3TS I 

?:.ysica; ?iiiaz.eters for K o d e l  

? (a:=) 

c= (On) 

C, (r,oies/cc) 
A 

Chzz’ser Pressure  (psi) 

150 

10.2 

5G0 

34 -0 

3413 

7 . 9 9  x 10- 

3279 

2.53 x 10- 

0.936 5 0.298 x lo’’ 

7.90 x 2.50 x 

0.03382 0.03431 

101 -94 101.94 

p (gz’cn 3 ) 3.4 3 . 4  

1.76 1.76 

r (z=,‘sec) 0.508 0.343 
y c - - -  - - -  _ -  --..oGl, . .k4c-  * I  AT. ~ x - s r l r , z n t a l  1nves::Pation of a Gas-Par t ic le  System, 

7ec‘r.r.lc;l X g o z :  So. 32-238, Jet  Propulsion Laboratory,  Pasadena, Calif. 
16 Y’rch 1562. 
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7s; uczi' Foz~xirZed to t h i s  IaSoratory. These p a r z i c l e s  were dispersed  and photo- 

. . .  ULod..LV ---- - -.- t ..- - c;; e:zc:raa =LcroScoTe, acc by couiiting the  particles  in t h e  photonicro- 

1.' c 3, 
V 

?.23LE XI 

Ex?srimmtal  P a r t i c l e  S i z e  Averages 

19 

Pressure (ps I) 

150 - 500 - 
0.750 0.0274 

o 3 8 8  0.18s 

2.39 0.790 



t .  

(USLE I1 COSTIhXiiD) 

500 - 
18 .o 

4.07 

Pressure (ps ij 

150 - 

4.27 

. .  L-bc~er,cy .- - , 5 ~ r . c : : ~ ~  i o r  :cis s p c l a ;  case.  These irec+ericy iclactrons a r e  c o z p r e d  in 

- -.  res 3 &;.i i T;r c ; - . c ~ h r  2ressi;res of 523 ar.d :SO p s i ,  r e spec t ive iy .  Thc s o l i d  l i n e s  

v;2=c cc,c ; - ; :ec :riz e q d z l c n  (4L)  US,;.^ Lle ex?erL=ntz: viilues of V n givcn i n  Table 11. 

*.-.z ~ E ~ : V - ~ ~ L :  ;o;;.ts a;, :';.e g iapns a r e  experkec:;l. 

. .  . -  

. .  I. Excel lent  agreezcnr  bcrxccn the  

. .  . -  - -  , v y z ~  - &T.C :;.e e x p r i z . ~ ~ . : ~ ;  ts:a 2ieXrail.S over near iy  f i v e  orders  of r A p i t u d e  of both 

f(v) and v. 

- .  C;. :T.C 'ksis 0; zriz excellen: agreeZen: betveen the model and ~ke c x p c r l r d n t a l  

i;:~ i: c;~, Se ccr .z l i2sl  zkzc 3 is e s s e n t i a l l y  ~rii:y io t he  ckarriSer, for this is t 5 c  only 

ttse f o r  ~-.-.:cr~ ::.e r ,ciel  s ' r o ~ l d  ;??ly to t h e  particles leaving the  nozzle.  

.i.c .>d.&-<le size I;s:ribscloa I s  de;lenlen: upon only oihe i i rb i t r a ry  ? a r a m t e r ,  n . 

. . .  . Therefore ,  

- _ -  L a - -  0 

.._ - 
b y A i i s  tcr  ii 0 have been ca lcu la ted  frm eqza t ion  (45) using the e x p c r i r d n t a l  

v . ~ l - ~ s  for I,' n c r A l  :?.e i G Z Z T A C e r s  f o r  :he p rope l l an t  aad f i r i n g  condi t ions l i s t e d  i n  

. . r d - L  _ .  - . . ? ~ e  v&;i;es for n 0 are 2.35 x 1OI2 and 4.48 x l O I 3  nuc le i / s ec ,  crn a t  chaaber .----- - -.- 

---. , 2 - ~ s S i ; r s S  G f  

?zessu:a vi:h : 0 decreasing as pressure  increases. Consesuentty, it appears that the 

2r.d 150 ?si, r e s2ec t ive ly .  Thus, no appears to  be a s t r o n g  func t ion  of 

20 
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T -  

L : . ~  ;-.L:c~ f c r z ~ l  f ro3  :he oxide f i l m  i n i t i a l l y  coa:ing the  aluininun 

= , L I L L A ; A c ~ ,  - c..::., 4-..ii - -  * ... ;s ox ids  f i k i  1 s  foriiid i n  the  l w  c e q e r a t u r e  reg ion  ad jacent  

1 
I 

rim 
P* 

v, = - 
Pal 
Pn 

vn = 20 - (57) 

:=:22=3, ii., G T . ~  A .  Xacek, "Cor ius t ion  S t u d i e s  of Single A l d n u m  Particles, ' '  
y:--'- T - -  

-.Ac" - . * L ~ L L A G c ~ v ~ . ~ ~  Syiiqosium on Co;jbustion, Academic Prc88, New York, 1963. p 703. I 
23 
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3. 
li 
l B  
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I 
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I 

2 
i / 3  213 f(v) = 

vn (W 

3 .  752 ii;reer;en; bet -~eea  t h e  Eodel and ex?eriiaant i r ? l i e s  t h a t  condensation 

?regresses ess3z:iclly ro e q u i l i b r i u z ~  i n  t;-,e rocke t  chamber. 

I c_ -. . ..s n~c‘ ,eazio; l  wchanisrz is nor  honogeneous f o r  aluminized ?ro?e l lan t  gra ins .  

c .- Ackr.c;.;ec;e=c~.:s: -..e :hcore:icai ana lys i s  w a s  ? r e p r e d  for the Department 

C: :;,e Xavy, Sureau of :;ava1 Wea?ons under Cont rac t  No. 

.+-~-6I-G6S7-c and s?onsored by t k e  Advanced Research 

Trojeczs Agency, AR?A Crier KO. 22-61. 

- .  

.- - 
The experimental  

----. pA &lcle size a;la?ysis uas spoi.sored by t h e  Jet  Propuls ion  

S b o r c t o r y  under Contract so. w 2 7 .  
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